Effects of Diurnal Variation of Gut Microbes and High-Fat Feeding on Host Circadian Clock Function and Metabolism  by Leone, Vanessa et al.
Short Article
Effects of Diurnal Variation of Gut Microbes and
High-Fat Feeding on Host Circadian Clock Function
and MetabolismGraphical AbstractHighlightsd Diurnal variations in gut microbes and function are driven by
dietary and host cues
d High-fat diets disturb diurnal patterns of gut microbial
structure and function
d Microbial metabolite oscillations are linked to host circadian
rhythm and metabolism
d Disturbances of host-microbe circadian networks may
promote diet-induced obesityLeone et al., 2015, Cell Host & Microbe 17, 681–689
May 13, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.chom.2015.03.006Authors
Vanessa Leone, Sean M. Gibbons, ...,
Jack A. Gilbert, Eugene B. Chang
Correspondence
echang@medicine.bsd.uchicago.edu
In Brief
Circadian rhythm influences health and
metabolism. Leone et al. show that the
gut microbiota exhibits diurnal
oscillations in composition and
metabolite production that are driven by
diet and associated with the host
circadian rhythm. Diet-induced dysbiosis
disturbs the balance between microbe
and host circadian networks, affecting
metabolism and obesity.
Cell Host & Microbe
Short ArticleEffects of Diurnal Variation of Gut Microbes
and High-Fat Feeding on Host
Circadian Clock Function and Metabolism
Vanessa Leone,1 Sean M. Gibbons,2,3 Kristina Martinez,1 Alan L. Hutchison,3,4 Edmond Y. Huang,1 Candace M. Cham,1
Joseph F. Pierre,1 Aaron F. Heneghan,5 Anuradha Nadimpalli,1 Nathaniel Hubert,1 Elizabeth Zale,1 Yunwei Wang,1
Yong Huang,1 Betty Theriault,6 Aaron R. Dinner,3,7,8 Mark W. Musch,1 Kenneth A. Kudsk,5 Brian J. Prendergast,9
Jack A. Gilbert,2,10 and Eugene B. Chang1,*
1Department of Medicine, The University of Chicago, Chicago, IL 60637, USA
2Institute for Genomics and Systems Biology, Argonne, IL 60439, USA
3Graduate Program in Biophysical Sciences
4Medical Scientist Training Program
The University of Chicago, Chicago, IL 60637, USA
5Department of Surgery, University of Wisconsin School of Medicine and Public Health, Madison, WI 53792, USA
6Department of Surgery
7James Frank Institute
8Department of Chemistry
9Institute for Mind and Biology
10Department of Ecology and Evolution
The University of Chicago, Chicago, IL 60637, USA
*Correspondence: echang@medicine.bsd.uchicago.edu
http://dx.doi.org/10.1016/j.chom.2015.03.006SUMMARY
Circadian clocks and metabolism are inextricably
intertwined, where central and hepatic circadian
clocks coordinate metabolic events in response to
light-dark and sleep-wake cycles. We reveal an
additional key element involved in maintaining host
circadian rhythms, the gut microbiome. Despite
persistence of light-dark signals, germ-free mice
fed low or high-fat diets exhibit markedly impaired
central and hepatic circadian clock gene expression
and do not gain weight compared to conventionally
raised counterparts. Examination of gut microbiota
in conventionally raised mice showed differential
diurnal variation in microbial structure and function
dependent upon dietary composition. Additionally,
specific microbial metabolites induced under low-
or high-fat feeding, particularly short-chain fatty
acids, but not hydrogen sulfide, directly modulate
circadian clock gene expression within hepatocytes.
These results underscore the ability of microbially
derived metabolites to regulate or modify central
and hepatic circadian rhythm and host metabolic
function, the latter following intake of a Westernized
diet.
INTRODUCTION
Circadian rhythm has a dominant role in determining overall
health and physiological homeostasis. The central clock, locatedCell Hwithin the suprachiasmatic nucleus (SCN) of the brain, is impor-
tant in coordinating light-dark and sleep-wake cycles with
metabolic events that occur within peripheral tissues, including
the liver (Huang et al., 2011). Classically, circadian rhythm is
maintained through an oscillating autoregulatory transcriptional
feedback loop, where the central transcriptional activators of
the positive feedback segment are Bmal1 and Clock. BMAL1/
CLOCK induce expression of the feedback loop repressor
genes, Period (Per1-3) and Cryptochrome (Cry1-2) (Dibner
et al., 2010).
Epidemiological studies demonstrate that human subjects
with altered sleep cycles, interruption, or sleep quality (i.e.,
shift work or sleep apnea) exhibit increased appetite and
increased susceptibility to diabetes, obesity, and overall
metabolic syndrome (Bass and Turek, 2005; Dibner et al.,
2010; Huang et al., 2011; Van Cauter et al., 1997). Animal
models of circadian clock (CC) disruption show that the
consumption of high-fat diets adversely alters circadian
signaling, suggesting a bi-directional relationship (Kohsaka
et al., 2007); however, the molecular mechanisms behind
this are not clearly understood. Here, using an initial
discovery-based approach, we found an additional key ele-
ment that is pivotal for maintenance of CC, the gut microbial
organ, or microbiome, an essential mediator for dietary
composition entrainment, time of ingestion, and host physio-
logical cues. As a result, gut microbes exhibit their own CC
patterns, producing oscillations in key metabolic mediators
that are integrated into host circadian rhythm maintaining
metabolic homeostasis. Perturbations of gut microbial struc-
ture and function caused by diet and host factors
adversely affect the delicate balance in CC networks pro-
moting metabolic disturbances that include diet-induced
obesity (DIO).ost & Microbe 17, 681–689, May 13, 2015 ª2015 Elsevier Inc. 681
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Figure 1. Germ-Free Mice Exhibit Differential Canonical Liver Gene Transcriptomic Signatures and Are Resistant to DIO
(A) GF and CONV C57Bl/6 liver transcriptomes generated via Affymetrix Mouse Genome 430 2.0 array (n = 3 per group). Canonical pathways (A) enriched in GF
versus CONV identified by Significant Analysis of Microarray software (FC > 1.5 and FDR < 5%) followed by submission to Ingenuity Pathway Analysis software.
Significant pathways were determined by one-tail Fisher’s exact test (p value < 0.05; i.e., log(p-value) > 1.3, [red line]).
(B and C) Weight gain (B) and food consumption (C) of SPF and GF mice (n = 17 to 18 per group) fed RC or HF. Data represent mean ± SEM. ***p < 0.001; **p <
0.01; *p < 0.05 via one-way ANOVA followed by Dunnett’s post hoc test relative to SPF-RC control-star color represents treatment exhibiting significance.
(D and E) Diurnal circadian gene expression patterns relative to GAPDH inMBH (D) and liver (E) in GF and SPFmice fed RC or HF. ***p < 0.001; **p < 0.01; *p < 0.05
via one-way ANOVA followed by Dunnett’s post hoc test relative to SPF-RC control—star color indicates treatment exhibiting significance. See also Figures S1A–
S1F and Table S2.RESULTS
The Absence of Gut Microbes Results in Differential CC
Gene Expression Regardless of Dietary Challenge
Using Affymetrix microarray, we initially discovered the impact of
microbes on liver transcriptomes via comparison of germ-free
(GF), conventionalized (CONV), and conventionally raised spe-
cific-pathogen-free (SPF) mice under regular low-fat chow (RC)
feeding conditions. As expected, CONV and SPF were similar;
however, their hepatic transcriptomes differed significantly
from GF confirming previous findings (Bjo¨rkholm et al., 2009;
Joyce et al., 2014; Larsson et al., 2012;Mukherji et al., 2013) (Fig-
ure S1A). Of the >1,000 differentially displayed genes, the major-
ity mapped to metabolic networks; the most significantly altered
pathways are highlighted in Figure 1A. Two networks were of
particular interest: CC and nuclear receptor (NR) families, which
contain many nodal genes that serve important roles in inte-
grating downstream effector responses involved in metabolic
regulation (Figure S1B). CC and NR networks in the liver are inti-
mately linked and populated by many genes that appear to be
dependent on the presence of microbes. We speculated that
GFmice are metabolically different due to differential expression682 Cell Host & Microbe 17, 681–689, May 13, 2015 ª2015 Elsevier Iof these networks, particularly CC, accounting for their resis-
tance to DIO.
To determine how high-fat diet-induced microbial shifts
impact CC specifically in DIO, we conducted studies using
age-matched SPF or GF individually housed male mice main-
tained under standard 12:12 L/D conditions (Zeitgeber [ZT]
time 0 = 6 AM; lights on and ZT12 = 6 PM; lights off) and fed
RC or 37.5% (kcal) milk fat diet (HF) that elicits a known impact
on gut microbes (Devkota et al., 2012; Huang et al., 2013) (Table
S1). GF mice fed RC or HF gained significantly less weight
compared to SPF counterparts, despite nearly identical, if not
increased, caloric consumption (Figures 1B and 1C). Compared
to SPFmice, GFmice fed HF also exhibited reduced gonadal fad
pad and liver weight (Figures S1C and S1D), reflecting resistance
to DIO, as previously shown (Ba¨ckhed et al., 2007; Rabot et al.,
2010). After 5 weeks, liver and mediobasal hypothalamus (MBH)
samples were collected every 4 hr (h) over 24 hr for measure-
ments of CC gene expression (Figures 1E, 1F, S1C, and S1D).
The majority of CC genes in the liver from both SPF and GF
mice fed RC or HF exhibited rhythmicity, while fewer CC genes
exhibited cosinor expression patterns in the MBH (see Table
S2 for CircWave software cosinor output). Despite rhythmicitync.
in CC genes in SPF andGFmice, further analyses at specific time
points showed that diet and the presence of diet-induced gutmi-
crobiota influence host CC gene expression. Figure 1E shows
that HF induced expression of Bmal1 and Clock in the MBH of
SPF mice during the dark phase but not in GF mice, suggesting
microbes mediate this induction. Contrary to the MBH re-
sponses,HF suppressedBmal1expression in the liver (Figure 1E;
ZT2, 18, and 22), blunting the hepatic CC pattern, as previously
shown (Kohsaka et al., 2007; Eckel-Mahan et al., 2013). Similar
effects were seen in GF mice, yet a strikingly lower level of CC
expression was observed compared to SPF, regardless of diet
in many CC genes. In the MBH of SPF mice, HF increases
Per2 andCry1 expression compared to RC. However, in the liver
(Figure 1E), HF decreases Per2 expression at ZT14 in SPF mice,
yet there is a loss of Per2 expression on either diet in GF mice.
Thus, these data show that HF has opposing roles in modulating
CC genes, whereby HF inducesBmal1 andClock as well as Per2
and Cry1 expression in the MBH but suppresses expression in
the liver of SPF mice. Notably, in the case of Bmal1 in the
MBH, and Per2 in the liver, these effects are suppressed in GF
mice, implicating microbes as mediators in HF-induced alter-
ations of CC function.
High-Fat Diet Alters Diurnal Patterns of Gut Microbiota
Structure and Function
Given our results examining host CC gene expression in the
absence of gut microbes, a second goal of our studies was to
determine the impact of HF on gut microbiota structure/function
and subsequent effect on host CC. We first established whether
or not gut microbes undergo diurnal oscillations and how this is
affected by HF. Fecal pellets were obtained every 6 hr over 48 hr
via repeat sampling from individual SPF mice, and cecal con-
tents were collected from SPF mice fed RC or HF over 24 hr at
time of harvest. Assessment of 16S rRNA V4-V5 region via Illu-
mina MiSeq sequencing showed HF significantly altered micro-
bial community composition as shown by Principal Coordinate
Analysis (PCoA) of abundance-weighted beta diversity in both
fecal pellets collected over 48 hr (Figure 2A) and cecal contents
collected over 24 hr (Figure 2B). Additionally, HF resulted in
altered microbial alpha diversity, indicated by significantly
reduced Shannon diversity index as compared to RC (Figures
S2A and S2B) corroborating previous reports (Ba¨ckhed et al.,
2004; Carvalho et al., 2012; Ridaura et al., 2013; Turnbaugh
et al., 2006). Further assessment of beta diversity (Figure 2C) be-
tween HF and RC cecal microbiota showed temporal shifts over
24 hr that were more evident under RC feeding. Additionally,
oscillations of 16S abundance determined by qPCR (Figure 2D)
were detected only in cecal contents from RC-fed mice (see
Table S5 for CircWave cosinor statistics), suggesting that HF
blunts diurnal rhythmicity of luminal gut microbiota abundance.
To determine if enteral delivery of nutrients is the sole driver of
diurnal patterns in gut microbes, mice were subjected to con-
stant intravenous parenteral nutrition (PN) in absence of any
peroral alimentation. Despite significant changes in community
structure, diurnal variation was still evident, suggesting that
additional host factors contribute to gut microbial chronobiology
(Figures S2C and S2D).
Detecting significant oscillatory patterns in 16S rRNA ampli-
con sequencing data is complicated due to lack of absoluteCell HOTU abundance information and limited tools to describe non-
linear relationships in relative abundance data (Friedman and
Alm, 2012; David et al., 2014). However, we detected diet-
dependent oscillations of gut microbes using an improved
version of JTK_CYCLE (Thaiss et al., 2014; Zarrinpar et al.,
2014), empirical JTK_CYCLE with asymmetry (Hutchison et al.,
2015) (Table S3). HF reduced the number of OTUs exhibiting sig-
nificant oscillation patterns in both fecal and cecal contents
compared to RC. Under RC, the majority of significant oscillating
OTUs in both fecal (Figure 2E) and cecal contents (Figure 2F) be-
longed to the family Lachnospiraceae, whichweremostly absent
in HF. Despite a significant increase in relative abundance of
specific OTUs induced by HF (i.e., Figures 2E and 2F; Rumino-
coccus, OTU #4390754, and OTU #261365), diurnal oscillations
were absent. Thus, the oscillatory nature of specific microbes
may be evenmore important than their relative abundance. Inter-
estingly, we noted a significant oscillation of OTU #1100972
(Lactococcus) in fecal pellets under HF conditions that was not
evident among microbes from RC. Additionally, we observed
significant oscillations in OTUs belonging to the genus Oscillo-
spira under both RC and HF in fecal and cecal contents. Exam-
ination of OTU oscillations within cecal contents and fecal pellets
collected from the same mouse at the time of harvest over 24 hr
showed that two OTUs maintained oscillations in both compart-
ments under RC that were nearly absent in HF (Figure 2F and Fig-
ure S2E). These data, however, did not provide insights into the
functional implications of oscillatory microbial patterns that
could have more influence on host chronobiology.
We therefore performed shotgun metagenomic analysis of
cecal contents from RC-fed mice, which failed to reveal broad
functional diurnal gene changes (Figure S3A). Nonetheless, a
few genes involved in sporulation, protein synthesis, and protein
degradation did show significant diurnal variation (Figure S3B).
Community function was further assessed using Biolog, a tetra-
zolium dye indicator assay, an alternative approach for analyzing
functional community metabolic potential (Table S4 outlines
substrates and sensitivity assays). Cecal contents from RC or
HF tested under anaerobic conditions showed that both diets
promote unique carbon substrate utilization signatures (Figures
3A and 3B). PCoA analysis revealed similar ordination as the
16S rRNA data, where PC1 describes separation by dietary
treatment (Figure 3A). Interestingly, communities fromHF exhibit
tighter clustering within ZT as compared to RC, yet the variability
across ZT was reduced (Figure 3B). Fecal samples collected
over 48 hr assessed via Biolog revealed that both metabolic
potential as well as chemical sensitivity of communities from
RC-fed mice exhibit greater oscillatory behavior as compared
to HF (Figure 3C; Table S4). Ultimately, these data suggest that
not only is the gut microbe metabolic activity dependent on
diet, but there is a distinct interaction between diet and time of
day, which are both essential factors that modulate microbial
function.
Gut Microbes Exhibit Diet-Dependent Diurnal Patterns
of Metabolite Production that Elicit Direct Effects on
Hepatic CC Gene Expression In Vitro and In Vivo
To examine specific microbial metabolites that have known
impact on host physiology, we determined relative short-
chain fatty acid (SCFA) concentration in cecal contents byost & Microbe 17, 681–689, May 13, 2015 ª2015 Elsevier Inc. 683
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Figure 2. Diurnal Gut Microbe Community Structure Is Altered by High-Fat Feeding
(A and B) PCoA of weighted UniFrac distances from 16S rRNA amplicon sequences colored by diet in fecal pellets (A) collected via repeat sampling over 48 hr
(n = 3 mice/treatment) and in cecal contents (B) collected over 24 hr (n = 2 or 3 mice/time point) from SPF C57Bl/6 mice fed HF or RC.
(C) PCoA analysis of cecal contents colored by ZT time (PC, principle coordinate).
(D) 16S rRNA abundance determined via qPCR using universal primers in cecal contents. Data represent mean ± SEM. **p < 0.01; *p < 0.05 via unpaired t test at
each time point.
(E and F) (E) Relative abundance of oscillating 16S rRNAOTUs determined via eJTK_CYCLE in fecal samples collected every 6 hr over 48 hr and in cecal contents
(F) collected every 4 hr over 24 hr at sacrifice. Data represent mean ± SEM. See also Figures S2A–S2E and Tables S3 and S5.GC-MS (Renom et al., 2001) (Figures 3D–3F) as well as proxy
H2S production via methylene blue culture assay (Kartha et al.,
2012). Since many of the oscillatory OTUs under RC-fed condi-
tions belonged to the family Lachnospiraceae, which is well
characterized for its capacity to synthesize butyrate under spe-
cific dietary conditions (Vital et al., 2014), we hypothesized that684 Cell Host & Microbe 17, 681–689, May 13, 2015 ª2015 Elsevier Idiurnal variation of SCFAs would be observed in RC-fed mice.
Indeed, cecal contents from RC-fed mice exhibited a distinct,
diurnal pattern of butyrate concentration, while contents from
HF-fed mice did not (Figure 3D). Propionate showed similar
diurnal patterns, albeit less pronounced, while acetate, although
present at lower levels under HF feeding conditions, did notnc.
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Figure 3. High-Fat Diet Shifts Diurnal Microbial Function and Metabolite Production
(A and B) PCoA of Biolog spectrophotometric analysis of cecal contents frommice fed RC and HF incubated anaerobically and colored by diet (A) and Zeitgeber
(ZT) time (B).
(C) Percent oscillating versus non-oscillating substrate and sensitivity chemicals in fecal pellets (C) from HF or RC collected over 48 hr (n = 3/time point).
(D) Diurnal cecal butyrate concentration ([D], top) and H2S production (bottom) in cecal contents collected from RC or HF (expressed as mmol/g of content) (n = 2
to 3/time point). Data represents mean ± SEM. *p < 0.05 and **p < 0.01 determined via unpaired t test at each time point.
(E) Rosburia butyryl-CoA: acetate CoA-transferase (BUT Ros_Eub, top) and dsrAB (bottom) gene abundance (right axis, normalized to 16S abundance) in cecal
contents from mice fed RC or HF. Butyrate and H2S concentration are presented on the left axis.
(F) Fecal butyrate concentration (top) and H2S production (bottom) collected via repeat sampling over 48 hr from mice fed RC and HF (expressed as mmol/g of
content) (n = 3/time point).
(G) BUT Ros_Eub (top) and dsrAB (bottom) gene abundance (right axis, normalized to 16S abundance) in fecal pellets over 48 hr. Data represents mean ± SEM.
#p < 0.1; *p < 0.05; **p < 0.01 determined via unpaired t test at each time point. See also Figures S3A–S3D and Tables S4 and S5.(Figures S3C and S3D). Robust oscillations in fecal butyrate were
also observed over 48 hr that were absent under HF feeding.
qPCR analysis of gene abundance of microbial butyryl-CoA:
acetate CoA-transferase (but; Vital et al., 2013; Louis et al.,
2010), an enzyme involved in butyrate production, also exhibited
diurnal patterns in cecal contents from RC mice, but not in HF
mice. The latter most likely results from dramatic changes in
community membership and function in response to dietary
intake (Figure 3E). In contrast, cecal H2S production from HF
mice exhibited diurnal patterns that were absent in RC counter-
parts (Figure 3F). Gene abundance of microbial dissimilatory
sulfite reductase (dsrAB), a microbial enzyme involved in H2S
production shown to be increased by HF feeding, exhibited
diurnal oscillations in cecal contents from HF-fed mice that
was not seen in samples from RC-fed animals. Conversely, anal-
ysis of fecal pellets collected over 48 hr from HF-fed mice
showed loss of rhythmicity in H2S production, yet this rhythmicity
became evident in RC controls, although at a significantly
reduced level (see Table S5 for CircWave statistics). This disso-Cell Hnance between cecal and fecal samples could be due to
HF-induced alterations in luminal transit, which confound
comparisons of oscillatory patterns with those occurring in the
cecum.
We next determined the direct impact that these particular
metabolites have on the cycling of liver CC genes. Hepatic orga-
noids (Huch et al., 2013) (hepanoids) were established in vitro
and their CC cell synchronization was initiated via serum shock
(Balsalobre et al., 1998). As shown in Figures 4A and 4B, a nom-
inal diurnal and reciprocating variation in Per2 and Bmal1 gene
expression was evident under basal conditions (no treatment;
no trt). In contrast, butyrate, and to a lesser extent acetate,
caused significant shifts in rhythmicity and enhancement in CC
gene amplitude, maintaining and accentuating their recipro-
cating phasic relationships (see Table S5 for CircWave statis-
tics). Exposure to NaHS (an exogenous H2S donor) elicits an
opposite effect, causing a blunting and near loss of all phasic
changes in both Bmal1 and Per2 gene expression. To determine
if SCFAs elicit direct effects on host CC gene expression in vivo,ost & Microbe 17, 681–689, May 13, 2015 ª2015 Elsevier Inc. 685
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Figure 4. In Vitro and In Vivo Exposure to Diet-Induced Microbial Metabolites Alters Host Circadian Gene Expression
(A andB) Expression ofPer2 (A) andBmal1 (B) relative to GAPDH following addition of 5mMsodiumacetate, 5mMsodium butyrate, or 1mMsodium hydrosulfide
(NaHS) in hepanoids after serum shock. Data are represented as mean ± SEM (n = 3 replicates/treatment/time point). ***p < 0.001; **p < 0.01; and *p < 0.05
determined via unpaired t test compared to no treatment within time point. See also Table S5.
(C) Ratio of Per2:Bmal1 mRNA (C) in MBH and liver of GF mice treated with saline or butyrate (But) at ZT2 or ZT14 for 5 days. Treatments are saline(ZT2)-
saline(ZT14), saline(ZT2)-But(ZT14), and But(ZT2)-saline(ZT14). Data represent mean ± SEM (n = 4/treatment). *p < 0.05; NS, not significant determined via
unpaired t test.
(D) Proposed experimental model (D) diet-induced change in gut microbe metabolic oscillatory patterns alters the balance between food consumption, the
central CC, and hepatic regulatory networks of metabolism promoting DIO.
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we intraperitoneally treated GF mice two times daily with either
saline twice or saline and butyrate (But, 1,000 mg/kg) at ZT2 or
ZT14 for 5 days followed by harvest of MBH and liver at ZT10
after the final ZT14 treatment. Figure 4C shows peripheral deliv-
ery of But does not impact the Per2:Bmal1 ratio in the MBH,
although treatment at ZT14 approaches significance. However,
ZT14 But injection significantly increased Per2:Bmal1 mRNA
ratio in the liver compared to saline controls, suggesting periph-
eral tissues are more sensitive to this SCFA. Together, these re-
sults provide a direct link between microbe-derived metabolites
and a key host hepatic gene network that could partially explain
the observed changes in HF-induced metabolomic shifts.
DISCUSSION
Based on our findings, we propose the working hypothesis
shown in Figure 4D. HFWestern diets perturb the chronobiology
and composition of microbe-dependent metabolites to which
the liver is exposed, resulting in disruption of hepatic CC regula-
tory networks of host metabolism. Under GF conditions, chrono-
biological cues from gut microbes are absent, resulting in
reduced amplitude of circadian gene expression in both central
and peripheral tissues even in the presence of light-dark signals.
Dysregulated CC function leads to a heightenedmetabolic state,
resulting in leanness even in the presence of HF. However, SPF
mice fed HF results in an altered gut microbiota community
membership. Here, oscillations of diurnal production of known
microbial metabolites are either lost (SCFAs) or gained (H2S),
which directly impacts CC gene expression in the liver, shifting
the host to a lower metabolic state and DIO. While shifts in
time of food intake due to HF feeding may play a dominant role
in altering diurnal oscillations of gut microbes as well as the pro-
duction of microbial metabolites (Thaiss et al., 2014; Zarrinpar
et al., 2014), it is clear from our studies with constant, peripheral
infusion of nutrients via PN that host factors can also provide
cues or substrates (i.e., mucin) that can sustain microbial diurnal
patterns.
Recent evidence shows that SPF mice fed HF leads to an
overall shift in the oscillating liver metabolome with correspond-
ing changes in oscillations of the liver transcriptome, particularly
of transcripts under CC control (Eckel-Mahan et al., 2013). Other
work identified diurnal fluctuations in the liver of a specific phos-
pholipid metabolite that influences downstream activation of
NRs leading to fatty acid uptake and utlization in peripheral skel-
etal muscle. Under HF, diurnal production of this metabolite is
blunted and plays a role in the development of DIO (Liu et al.,
2013). Despite this knowledge, the contribution of HF-induced
gut microbiota and the subsequent alterations in the oscillating
microbial metabolome that can directly impact host peripheral
tissues remains unknown. Our study however highlights the
complex and synchronous relationships between dietary con-
sumption/composition, gut microbial function and metabo-
lomes, as well as host metabolic networks that are critical for
maintenance of health, yet when perturbed, promote metabolic
imbalances. The evidence suggests that gut microbes have
co-evolved as host functions became more complex (i.e., host
CC rhythms). Our work and the work of others supports the
notion that a number of gut microbes and their functions can
entrain on timing and dietary composition/intake. We speculateCell Hmicrobial metabolites promoted by a diverse, yet healthy, diet
are crucial to orchestrate and maintain proper oscillations of
host molecular metabolism in central and peripheral tissues
that follow a consistent pattern of diurnal variation, which can
be integrated with other entrainment cues (i.e., light-dark sig-
nals). Additionally, perturbations of diet (HF or PN) profoundly
impact oscillations and content of microbially derived metabo-
lites that elicit feedback on the host CC. The knowledge gained
from our study opens opportunities for unique and targeted inter-
ventional strategies to treat and prevent DIO, ranging from the
manipulation of gut microbial function to pharmacological tar-
geting of host pathways to restore metabolic balance. Finally,
our studies provide a scientific basis for many recommendations
that have been based on empirical observation, such as the
importance of when and what you eat, in addition to lifestyle
changes.
EXPERIMENTAL PROCEDURES
Mice
All murine experimental procedures were institutionally approved. Male 8- to
10-week-old C57Bl/6J SPF mice were individually housed and acclimated for
2 weeks. Age- and gender-matched, individually housed GF C57Bl/6 mice
were bred and maintained in plastic isolators. All mice were maintained on
a 12:12 L/D cycle (ZT0 = 6 AM) in the same vivarium room and fed ad libitum
with normal rodent chow (Harlan Teklad 2018S) or 37.5% saturated milk fat
diet (Harlan Teklad TD.97222 customized diet; Table S1). Gnotobiotic diets
were autoclaved or irradiated and sterility tested prior to and after the exper-
iment. Weekly body weight and food consumption were recorded, and after
5 weeks, fecal pellets were collected every 6 hr over 48 hr (n = 3/treatment).
Three mice per group were sacrificed via ketamine/xylazine overdose every
4 hr over 24 hr. MBH and liver were isolated, snap-frozen in Trizol, and stored
at 80C. Cecal contents were snap-frozen and stored at 80C. Male 8- to
10-week-old GF C57Bl/6 mice were divided into three treatments (n = 4/trt)
and intraperitoneally injected twice per day with 100 ml saline or butyrate
(1,000 mg/kg) for 5 days. Butyrate was administered once daily at ZT2 or
ZT14, and MBH and liver were harvested at ZT10 after the final ZT14
injection.
DNA Extraction and 16S rRNA Amplicon Sequencing Analysis
Extraction of bacterial DNA from fecal and cecal contents was performed as
previously described (Wang et al., 2009). The V4-V5 region of the 16S rRNA
encoding gene was amplified using standard protocols (http://www.
earthmicrobiome.org/emp-standard-protocols/). Sequencing was performed
at the High-Throughput Genome Analysis Core (Institute for Genomics &
Systems Biology) at Argonne National Laboratory. Sequences were trimmed
and classified using QIIME (Caporaso et al., 2010a). OTUs were picked at
97% sequence identity using open-reference OTU picking against the
Greengenes database (05/13 release) (McDonald et al., 2012). Representa-
tive sequences were aligned via PyNAST (Caporaso et al., 2010b), taxonomy
assigned using the RDP Classifier (Wang et al., 2007), and a phylogenetic
tree built using FastTree (Price et al., 2010). Weighted UniFrac distances
were computed to produce a beta diversity dissimilarity matrix (Lozupone
and Knight, 2005). Significant changes in OTU abundance were assessed
using ANOVA and Pearson correlations (Bonferroni correction for multiple
tests; a = 0.05) (Caporaso et al., 2010a). Multivariate statistical tests include
analysis of similarity (ANOSIM) and Mantel tests (Caporaso et al., 2010a).
Rhythmic OTUs were detected in cecal contents via eJTK_CYCLE analysis
(Hutchison et al., 2015) using a set period of 24 hr, a phase search every
2 hr from ZT0 to ZT22, and an asymmetry search every 2 hr from 2 to 22.
Rhythmic OTUs were detected in 48 hr fecal collections using eJTK_CYLCE
by combining time courses from different mice and using a set period of
24 hr; a phase search at ZT2, ZT8, ZT14, and ZT20; and an asymmetry
search at 4 hr, 12 hr, and 20 hr. OTUs exhibiting an empirical p value less
than 0.1 were considered significant.ost & Microbe 17, 681–689, May 13, 2015 ª2015 Elsevier Inc. 687
Microbial Metabolism Measurements
Biolog GenIII plate wells were inoculated with cecal contents or fecal pellets
from individual mice resuspended in tetrazolium indicator dye and incubated
anaerobically at 37C overnight. Absorbance at 590 nm was determined and
PCoA derived from Bray Curtis dissimilarity of absorbance was generated in
QIIME. For the detection of rhythmic substrate utilization in 48 hr fecal collec-
tions, time courses fromdifferent micewere combined and eJTK_CYLCE anal-
ysis (Hutchison et al., 2015) was performed as previously described. SCFAs
were extracted from cecal contents or fecal pellets as previously described
(Renom et al., 2001). Fresh samples were collected, weighed, homogenized
in water, and centrifuged at 13,000 3 g. Supernatants were acidified and iso-
butyric acid (3 mM) was added (internal standard). SCFAs were extracted us-
ing diethyl ether, derivatized using MTBS-TFA, and run on a Varian Saturn
2000 GC-MS. H2S production potential of cecal and fecal microbes was
determined via the agar trap method (Kartha et al., 2012). Fresh cecal or fecal
contents were collected, weighed, transferred into an anaerobic chamber, and
resuspended in Brumedia based onweight. Samples were inoculated into cul-
ture flasks with complete Bru media (containing Hemin and Vit K) with pre-set
Zinc agar, sealed, and incubated anaerobically at 37C. H2S was estimated
spectrophotometrically at 670 nM via methylene blue assay after 48 hr.
Hepanoid Culture
Hepanoids were prepared from 8- to 10-week-old SPF C57Bl/6 mice as pre-
viously described (Huch et al., 2013). Post-differentiation, hepanoids were
synchronized (Balsalobre et al., 1998), serum-rich media was removed, and
fresh media was added containing sterile-filtered treatments (5 mM butyrate,
5 mM acetate, or 1 mM NaHS). Wells were collected every 8 hr for 48 hr and
snap-frozen in Trizol. RNA was extracted, cDNA synthesized, and qPCR per-
formed as previously described.
Statistical Analysis
Statistical analyses were performed using GraphPad Prism v5.0d via unpaired
t test or ANOVA. Dunnett’s post hoc test was applied to compare treatment
groups to SPFRCcontrols. Sampleswere removed from host gene expression
analyses if GAPDH values were out of range; all time points contain two or
more mice. CircWave v1.4 software (www.hutlab.nl; www.euclock.org) was
used to detect rhythmicity of host CC gene expression, hepanoid CC gene
expression, microbial metabolites, and microbial gene expression by applying
Fourier curve fit analyses.
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